The cycle length or period of the free-running rhythm is a key characteristic of circadian rhythms. In this study we verify prior reports that locomotor activity patterns and running wheel access can alter circadian period, and we report that these treatments also increase variability of circadian period between animals. We demonstrate that the loss of a neurochemical, neuropeptide Y (NPY), abolishes these influences and reduces the inter-individual variability in clock period. These behavioral and environmental influences, from daily distribution of peak locomotor activity and from access to a running wheel, both act to push the mean circadian period to a value less than 24 hours.
Introduction
Circadian rhythms are biological rhythms that can be synchronized to a variety of environmental stimuli, characterized by an endogenous period or cycle length. In rodents circadian rhythm precision can be measured either as day-to-day variability in one individual, or as animal-to-animal variability within a group of individuals. Both measures of variability are related to average period, with variability increasing the farther the average is from 24 h (38) . The master circadian pacemaker for locomotor activity rhythm in mammals is located in the suprachiasmatic nuclei (SCN) of the hypothalamus. Isolated SCN explants and even individual SCN neurons can exhibit circadian rhythms in vitro (1). Day-to-day variability is greater in recordings from individual SCN neurons when compared to SCN explants, which have variability similar to that seen in wheel-running activity recordings (16) . Because isolated SCN explants were shown to express similar mean period and similar variability in period as observed in behavioral recordings, the level of day-to-day variability in behavioral rhythms might be a property of the SCN. On the other hand, the variability of period might be a property of the multioscillator system, in that one study reports a weak negative correlation between the period of behavioral rhythms and period of SCN rhythm in vitro (1).
The SCN receives several important inputs (32) . Photic information is relayed to the SCN via the retinohypothalamic tract (RHT). Input from the intergeniculate leaflet (IGL), which utilizes neuropeptide Y (NPY) among other neurotransmitters, is thought to largely mediate non-photic influences on the SCN, but is also implicated in modulating photic responses, in particular, effects of constant light on circadian period.
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Both photic and non-photic stimuli interact to modulate circadian period.
Constant light generally lengthens period of nocturnal animals and can induce arrhythmicity or "splitting" of the 24 h rhythm into two components coupled approximately 12 h apart (39) . The time of day of peak locomotor activity or the availability of a running-wheel can modify free-running period in constant darkness (8, 46, 47) . Both photic and non-photic cues can induce abrupt shifts in phase of freerunning rhythms when presented as brief stimuli (22) . It is likely that photic:non-photic interaction plays a key role in entrainment to the natural environmental LD cycle.
Entrainment is accomplished by modulation of circadian period by photic and/or nonphotic cues, and it appears these inputs may converge on the circadian clock genes per1 and per2. Non-photic inputs can alter light-induced gene expression, with the per2 gene showing especially long-lasting changes (2, 29). Regulation of entrainment is especially important in seasonal responses to natural variation in photoperiod. Prior studies suggest an important role for non-photic inputs in modulating seasonal responses (12, 19, 30, 31, 42) .
In this study, we compared circadian rhythms in mice deficient for NPY with wildtype mice. We found replicable changes in variability within these groups, as well as changes in mean period, photic resetting and light-induced per2 mRNA. We explain these differences as attributed to non-photic influences, and discuss how these behavioral and environmental influences increase variability in circadian period and allow speedier responses of locomotor activity to altered photoperiods. In our first study, due to constraints in colony size, both males and females were tested. Age of mice varied, ranging from 3 weeks to 4 months of age. In the second study, only males of 8 ± 1 weeks at the start of the experiment were used.
Materials and Methods
Animals
Locomotor activity assessment
Mice were housed in cages fitted with running wheels (15 cm in diameter). Wheel revolutions or locomotor activity were recorded using the Clocklab computer software with 1 min sampling epochs (Actimetrics, Evanston, IL). In study 1, mice were initially placed in a 12h:12h LD cycle for 7 days. Animals were placed under constant conditions of dim red light (DD) for 7 days (15 W; Coastar). On the 8 th day under DD, animals were exposed to a brief light pulse (150 lux) at CT 16 (4 hours after activity onset) for 15 minutes. The experiment ended on day 15 of DD.
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In the second study, mice were housed in cages with running wheels for the first part of the study. Daily locomotor activity of the mice was also monitored for a portion of study 2 using passive infrared detectors (model K Each detector had an LED indicator which is normally turned on during the switch closure interval; these indicators were disabled by resetting an internal jumper so that the emitted light would not exert an unwanted influence upon the animal.
In study 2, mice were exposed to LD12 
Behavioral Analysis
Activity onset was determined using ClockLab, with the default window settings of 6 h off and 6 h on. Occasionally the program selected as an onset a time that appeared well outside of the expected range, and in those instances the onset time for that day was deleted or edited to a bout of activity if the record showed an unambiguous onset bout.
Measures of period as reported here are from regression lines fit to the activity onsets, but, because of the element of subjective "eye-fit" given this occasional editing, chisquare periodograms were also calculated on the same data. Periodogram estimates of circadian period always showed high correlations with regression-line estimates (r >.93 in all samples). The mean time of activity onset over a period of 7-10 days in an LD cycle was calculated to assess phase angle of entrainment. The free-running period for each individual animal was computed from the days under DD preceding light pulse treatments, or before and after wheel removal, using 7 days in study 1 and 10 day segments in study 2. We assessed the amplitude of the circadian component from a Fourier analysis using these same segments of DD. Phase shifts to light were measured by comparing predicted activity onset for the day after the light pulse from extrapolated lines fit to activity onsets 7 days immediately pre-pulse and 7 days post-pulse starting from the day following the pulse. All calculations and figures were derived from Clocklab software. Animals were considered re-entrained once the activity onset occurred with a stable phase relationship to dark onset. All results are reported as mean ± standard error of the mean.
Page 7 of 39
In situ hybridization
Wild type 129S6 and 129S6 npy-/-mice (n=20; males (13), females (7)) were housed under a 12:12 LD cycle. At ZT 16, half of the animals (n=10) were exposed to a 15-min light pulse (200 lux), while the other half (n=10) remained in the dark. At ZT 17.5 (1.5 hours after exposure), the animals were overdosed with halothane and killed.
The brains were removed and stored at -80 0 C using tools that were Rnase-free. The brains were sectioned on a cryostat, and SCN slices (20 uM) were collected on Superfrost slides. The slices were evaluated for per2 mRNA by in situ hybridization. rinses and ethanol dehydration. The slides were air-dried, exposed to film for 3 days, and then emulsion-dipped. This process allowed us to scan for any spatial differences in expression between the groups during our analysis. Levels of per2 mRNA in the SCN were quantified using SCION imaging software
Results
Behavioral results
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Study 1 (129S6 background). Under a 12:12 light/dark cycle, both npy-/-and wildtype mice showed similar phase angles of entrainment. In DD, however, the npy-/-mice had significantly longer free-running rhythms than the wildtype mice and when exposed to 15 min light pulses at CT16 npy-/-mice showed significantly smaller phase shifts (see Table 1 and Figure 1 ). The two groups did not statistically differ by age, and age was not correlated with free-running period. . There was no difference between the groups in the phase delay to light exposure from CT14 to CT18, but we replicated our previous study showing a decreased phase delay to a 15 min light pulse at CT16 (see Table 1 ).
With three separate measures of free-running period in constant darkness in this study, we found in all instances that the npy-/-mice showed longer period rhythms than the wildtype controls (see Table 1 for summary of estimates of period). Within-group variability was greater for the wildtype mice than for the npy-/-mice (Levene test statistic = 5.183, df = 1, 20, p = 0.034; DD2; see Table 1 ), an effect still observed following removal of the running-wheels (Levene test statistic = 5.332, df = 1, 19, p = 0.032; DD4, see Table 1 and Figure 2 ). The increased variability in circadian period was not Fourier analysis on the DD records did not show differences between the groups.
Analysis of the activity distribution in 30 min bins during the first full day of the first two exposures to DD (i.e., DD1 and DD2) for each individual in study 2 showed an effect of time of peak activity on free-running period for that exposure to DD in wildtype mice, as previously reported from a sample of 100 mice (8) . Free-running period was shorter in mice with peak activity earlier in the subjective night. Our sample of npy-/-mice did not show evidence for this relationship (see Figure 3a) .
A paired t-test indicated that wildtype mice did significantly lengthen freerunning period in response to wheel removal (t(11)=4.04, p=0.002) but npy-/-mice showed no such significant effect (change in free-running period following removal of the running wheels: npy-/-mice: 0.04 +/-0.04 h, n=9; WT: 0.10 +/-0.02, n=12; see Figure 6 ). Following wheel removal, the free-running period remained significantly different between the two groups (see Table 1 ).
When the photoperiod was abruptly altered from LD18:6 to LD6:18, npy-/-mice took an average of 10.3 days longer to re-entrain and to expand their activity period compared to wildtype mice (days to re-entrain: npy-/-: 18.1 ± 0.8, WT: 7.8 ± 1.4 days, t(19)=5.84, p<.001). The npy-/-mice showed a more negative phase angle of entrainment under LD6:18, starting activity several hours after dark onset even once re-entrained (see Figure 7 ; time of activity onset relative to dark onset: npy-/-: -1.0 ± 0.3 h vs WT: 0.2 ± Although body weight was not the focus of our study, we noted that mice differed in body weight at 40 weeks of age (npy-/-: 40 ± 2 g vs. wt: 34 ± 1.2 g, t(19)=2.41, p=.01).
In situ hybridization
The level of per2 induced in both npy-/-and wildtype mice (129S6 background) that were exposed to both light and dark stimuli was measured by quantifying the density of per2 mRNA in the SCN. A statistically significant difference was found between both groups (see Figure 5 ). Per2 mRNA levels were higher in the animals exposed to light when compared to those exposed to the dark (F(3,13)=7.96, p=0.003). In addition, the wild type mice showed higher levels of per2 induction when compared to npy-/-mice (t(8)=2.63, p=0.03).
Discussion
Non-photic influences of locomotor activity and wheel-running activity were shown to alter both average circadian period and variability of circadian period. Mice deficient in NPY showed circadian period more tightly controlled near 24 h. A concurrent effect may be a diminished behavioral response to changes in photoperiod, as a timely response to abrupt expansion of the dark phase appears to depend upon integrity of non-photic influences. Phase angle of entrainment was altered only under the short photoperiod of LD 6:18, but not under LD12:12 or LD18:6.
Although running-wheels are commonly used in studies of circadian rhythms, their presence can alter circadian period (8) , an effect that disappears following ablation of the IGL (24) . Simply the size of the running wheel can have a significant effect; mice with larger wheels showed greater total amounts of activity and shorter circadian periods, along with greater phase delay shifts to light (5). We saw a small effect of wheel absence on circadian period in our wildtype mice, but the npy-/-mice did not show a change in period when the wheels were removed. Studies of non-photic effects on rhythms often examine the phase-shifting effect of a subjective day treatment such as presentation of a novel running wheel, but mice appear to be resistent to behaviorally elicited non-photic influence (3), although they can show pharmacologically-induced non-photic phase resetting (6, 27) . Instead, we measured another type of non-photic effect previously described in mice. Locomotor activity can alter free-running rhythm period depending on when in the subjective night the mouse is most active (8) . In our study, we observed such non-photic effects in wildtype mice (see Figure 3a) , but npy-/-mice did not demonstrate a similar relationship between an early subjective night time of peak daily activity and shorter circadian period. Our results suggest that these effects of locomotor activity on period may be mediated by NPY.
The period length of the free running rhythm was significantly greater, and phase delays to 15 min light pulses were reduced in npy -/-mice relative to the WT controls.
These two findings are likely to be closely related, as prior studies have shown that period length and phase shift amplitude change in a coordinate manner (4) (see Figure 3b in current study). Studies conducted on IGL-ablated mice (25, 35) , hamsters (36) and rats (24) show increased period in constant darkness, similar to our results with npy-/-mice ( but see (7, 33) . On the other hand, prior studies of the effects of IGL lesions on light-induced phase shifts have produced variable results across species. It is interesting (41), the latter result confirmed in our second study. One strength of our study is that the alterations in circadian rhythms were observed in both male and female mice of varied ages and also in two different background strains, suggesting these are relatively robust findings.
The measurement of seasonal changes in daylength, or changes in photoperiod, depends upon changes in phase relation of the LD cycle and the internal circadian clock (9) . Hamsters show an increase in the number of NPY mRNA-containing cells in the IGL when housed in a short photoperiod (20) . Mice lacking NPY were slow to respond to an abrupt change in photoperiod as measured by changes in their pattern of locomotor activity. The slower re-entrainment is unlikely to be entirely passive. Prior to exposure to the photoperiod change, the npy-/-mice showed a circadian period of 23.95h. If they were simply free-running during the photoperiod change, we would expect an advance of 3 min a day, or 1 h over 20 days. Instead, the mice had shifted by about 6 h in 18 days, on average, indicating that they were responding to the light cycle, albeit more slowly than controls. A role for the IGL in the response to shortened photoperiod has been demonstrated for both Siberian and Syrian hamsters (12, 19, 30, 31, 42) . Similar to npy-/-mice in the current study, IGL-ablated Siberian hamsters were slow to expand duration of activity as dark period increased in a simulated natural photoperiod, and were less likely to molt to a winter-type pelage (12) . IGL-ablated hamsters also showed reduced hibernation response after a transition to cold temperatures and a short photoperiod (31) .
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One possible mechanism by which IGL ablation alters photoperiodic response would be via the loss of nonphotic effects on rhythms. A brief presentation of a novel running wheel can alter the phase angle of entrainment of activity rhythms of hamsters housed under a LD cycle, and this effect is stronger when hamsters are housed in a shorter photoperiod (21) . Thus, one possible interpretation of our results is that mice lacking NPY lack activity feedback effects on rhythms, and this is associated with slowed circadian re-entrainment and altered phase of entrainment to a short photoperiod. Interestingly, we saw a similar difference in phase angle of entrainment when comparing the npy-/-and WT mice, similar to findings reported for Syrian hamsters (23, 40) .
Our results support the hypothesis that non-photic influences on circadian period serve a useful function when animals must respond to changing photoperiods. The 17 influence appears to be particularly important for responses to short photoperiods. We suggest that the observed non-photic effect to shorten circadian period is associated with increased phase resetting by light, and both these effects help the animal to track seasonal changes in the timing of dawn. Non-photic inputs might loosen coupling between component oscillators in the circadian system, allowing flexibility and variability in response to changing environmental conditions. Table 1 Measure weeks. See Table 1 for statistical summary. Mice were given fresh cages during the subjective day on days 28 and 42. 
